cutting performance; material removal rate (MRR); temperature rise (TR); ultrasonic osteotomy; coefficient of friction Abstract Background/purpose: Ultrasonic osteotomy has been introduced in oral and maxillofacial surgery in recent years for minimally invasive treatment. The purpose of this study is to evaluate the cutting performance of three different coated tips by the material removal rate (MRR) measurement and the temperature rise (TR) investigation in ultrasonic osteotomy. Materials and methods: Three stainless steel tips with different coated treatments to have the coefficients of friction of 0.5, 0.4, and 0.1 for uncoated tip, titanium nitride (TiN) coated tip, and diamond-like carbon (DLC) coated tip, respectively, were tested. The tip was fixed in the hand-piece and powered by an ultrasonic device (Cur scale, Bonart, Taiwan) with power mode of 40, 45 and 50. The ultrasonic hand-piece was mounted on the column of the X-Y table, and a uniform down force of 3 N was provided by the voice coil motor. A groove on the bovine bone specimen was obtained as a result of the downward action together with ultrasonic vibration of the tip. The MMR and TR were measured and evaluated. Results: The average MMR for the DLC coated tip under the operation mode 50 of the ultrasonic device was 0.164 mm 3 /s as compared with 0.153 mm 3 /s of TiN coated tip and 0.147 mm 3 /s of the uncoated tip. The average TR in 60 seconds operation was 8
Introduction
Ultrasonic bone cutting tips which can minimize invasive level as compared with traditional high speed burs and conventional bone saws have been introduced in oral and maxillofacial surgery of osteotomy in recent years. 1 Through a piezoelectric transducer, the electric energy is transformed to mechanical ultrasonic waves, and a stable vibration of bone cutting tips with frequency of about 20e30 kHz, and amplitude at the cutting tip of about 20e50 mm or a little more is provided. With this minimal vibration, cutting tip can stably and safely cut bone tissues in a more precise way and reduce tissue damages. 2 Ultrasonic bone cutting instrument provides several benefits in surgical operation: (1) Ability to identify soft or hard tissues. It does not damage soft tissue such as blood vessels, nerves and membranes because those tissues will oscillate at the same speed and amplitude with the cutting tips when the vibration frequency is lower than about 55 kHz. Thus those soft tissues are hardly hurt. This is so-called "Selective Cut." (2) Increasing operation accuracy and reducing cutting wound area for quicker bone healing as compared with traditional surgery instruments. The surgery region operated by ultrasonic bone cutting tips is approximately 0.5 mm, with only slight operation force is required. Also, there is no limitation on cutting route. Furthermore, perfect visibility and nearly blood-free surgical site are provided during the osteotomy. 3 Therefore, the accuracy, reliability and overall quality of the surgery can be improved, leading to a quicker wound-healing. (3) Easy operation in the narrow and complicated surgery sites. By using multi-shaped and multi-angular cutting tips, even the most complicated surgery and restrained narrow surgery site such as sinus lifting, orthodontic surgery, bone transplant and corrective treatment can be conducted easily. 4 However, comparing with the conventional tools such as electrical saws and high speed burs, the use of ultrasonic device is more time-consuming because of the low material removal rate (MRR). This leads to an increase of surgery time and heat accumulation which in turn could damage bone tissues and decrease success rate. MRR in ultrasonic bone cutting is mainly affected by cutting power and tip design. Moreover, the friction force generated from bone cutting may decrease the cutting power and tip vibration, 5 and cause high temperature rise (TR) as well. 6 The TR in bone cutting is a problem that cannot be ignored since it may cause thermal damage of the bone tissue. The degree of the thermal bone damage is directly proportional to the operating time that the bone is exposed to this temperature. It has been reported that necrosis of lipocytes and first resorption processes starts at 47 C. The bone intraosseous perfusion stops between 47 C to 48 C. 7 There are also report that observed irreversible bone resorption after exposure to temperatures of 47 C for 1 minute at a distance of 0.5 mm from the cutting site. 8 Hence, avoiding the occurrence of this kind of situation is essential.
Diamond-like carbon (DLC) is an amorphous film that comprises of different kinds of carbon-based materials. It is an unique hard, thin film, with properties such as lower coefficient of friction than that of Teflon, superior high hardness like nature diamond, high chemical stability, and superior high wear resistance. Especially, its low friction coefficient property makes DLC film suitable for engineering applications. Additionally, DLC films achieve good antiadherent properties without a lubricant. This combination leads to more horsepower of engines, and longer lifetimes of mechanical parts that rotate and slide. When pure DLC is used to coating of medical implants and diagnostic probes, better results are obtained in living animals. Tests on the animals closest to human body chemistry, and coronary deterioration have proven that DLC does not clot blood, which is an ideal property for biomedical devices surface coating.
Materials and methods

Sample preparation
Fresh bovine bone was sectioned into blocks with approximate dimensions of 50 mm in length, 40 mm in width and 5e10 mm in depth. Each specimen was embedded with plaster in a fixture, and its cortical surface was ground flat.
The MMR test and TR evaluation
The experimental setup is shown in Fig. 1 . An ultrasonic device (Cur scale, Bonart, Taiwan) applying 28e30 kHz vibration frequency was used in this study. Three types of stainless steel cutting tips which were uncoated, Titanium nitride (TiN) coated and DLC coated ( Fig. 2) with different coefficients of friction and thermal conductivities as listed in Table 1 were used. 9, 10 The thickness of TiN and DLC coating film was 1e2 mm, both coating materials have good biocompatibility and are suitable for biomedical applications. 11, 12 Ultrasonic hand-piece with the test tip locked at its front end was mounted on the column of the X-Y table to imitate the movement of a doctor operating the bone cutter during surgery. A uniform 3 N downward force was applied by voice coil motor to the hand-piece in order to create clinical working pressure. Besides, was a dynamometer (Kistler, Type-9256C1, Winterthur, Switzerland) mounted under the specimen to measure the incurred cutting force.
In the experimental procedures of testing MRR, cutting modes of 40, 45 and 50 provided by the ultrasonic device were selected in order to compare different cutting results. Each tip was positioned parallel to the cortical surface of the bone and moved to-and-fro at the cutting speed of 3.5 mm/s to cut a 10 mm groove in length on the specimen, and each cutting mode duplicate 20 times. The cutting time in investigating MRR was 30 seconds with sterile saline solution at cooling rate of 60 ml/min. After finishing the test, the removal chips were collected, and the cutting groove was split for measuring the cross-sectional area. The MRR can be obtained by multiplying the cross-sectional area by groove length and dividing by 30 seconds.
In the TR test, all the experimental procedures were the same as the MRR test, except only maximum cutting power mode 50 was chosen to monitor the temperature changes, and duplicate the same procedure 15 times. Additionally, cutting time was increased to 60 seconds. Two sets of Ktype thermocouples were fixed 0.5 mm from cutting site and 5 mm apart from each other (Fig. 3) . Temperature recording device (TES, TES-1384, Taipei, Taiwan) recorded the temperature changes in 60 seconds. The next test was only started after the temperature had dropped to room temperature. The average of the temperatures retrieved from two thermocouples was taken as the cutting temperature. The bone chips of different tips after cutting performance test were collected and observed with optical microscope (Nikon, SMZ-10A, Tokyo, Japan).
Results
MRR test
The average MRR of 20 cutting experiments of different coated cutting tips using various cutting modes are shown in 
The TR evaluation
The evaluation of temperature change in the cutting process is shown in Fig. 5 . It can be seen that temperature rose very fast in the first 10 seconds starting from 20 C, and it rose slowly afterward. The different TRs after cutting for 60 seconds were calculated and shown in Fig. 6 . It is noted that the average TR was 8.1 C for the uncoated tip, 6.8 C for the TiN coated tip and 4.5 C for the DLC coated tip. 
The investigation of the chips
The chips formed during the cutting experiment are shown in Fig. 7 . It can observed that there were curliest chips for the DLC coated tip. The TiN coated tip led to less curly chips, while the uncoated tip produced the least curly chips.
Discussion
The average cutting forces as given in the same down force (3 N), and measured in the direction parallel to the bone cutting were 0.89 N, 0.75 N and 0.69 N for the uncoated tip, TiN coated tip, and DLC coated tip, respectively. The measured cutting force is reduced by using a lower coefficient of friction tip because of less frictional force during cutting process. The cutting power (P) is proportional to the cutting force (F c ) and cutting speed (V) as given by Eq. (1).
PZF c $V ð1Þ
Using the same cutting power source, cutting force is lower when a low coefficient of friction tool such as DLC coated tip is used. Based on Eq. (1), it can be inferred that cutting speed is higher for the tips with lower coefficient of friction, which can be verified by checking the chips curling status. The higher cutting speed can increase chips flow speed along the rake face, as well as increase shear angle, bringing out chips with smaller diameters and much more curly. 13 This is consistent with the observation of the chips formed during the cutting experiment shown in Fig. 7 . The DLC coated tip produced the curliest chips since it has the smallest coefficient of friction among the tips in this study. The least curly chips was found for the uncoated tip due to its largest coefficient of friction.
It was also found that the lower the friction coefficient of the tip, the higher the MRR. According to the basic cutting Eq. (2), with chip width (b), chip thickness (t), cutting speed (V) and MRR (Q), the MRR is directly proportional to the cutting power (P), but reversely proportional to the specific cutting energy (u), 14 as shown in Equation (3): 
For the same workpiece material, the specific cutting power is mainly affected by the geometrical shape of the cutting tip. It is clear from Eq. (3) that the MRR can be increased by increasing cutting power or lowering specific cutting energy. In this study, less power was consumed in overcoming the friction force between the tip and side wall of the cutting groove for the lower coefficient of friction cutting tips. This led to a more power used for cutting under the same power provided by the ultrasonic hand-piece. In addition, specific cutting energy was smaller for the lower coefficient of friction cutting tips since less energy was needed for the chip to slide along tool rake face. These two advantageous effects resulted in a higher MRR. On the other hand, the friction force would transform to heat generated on the cutting tips and cutting bone site, hence the lower TR in bone tissue for the tips with lower coefficient of friction.
The experimental results in this study showed that in the cutting mode 50 the average MRRs of DLC coated tip and TiN coated tip were increased by 12% and 4%, respectively, compared with uncoated cutting tips. As for TR, it was changed from 8.1 C for the uncoated tip, to 6.8 C for the TiN coated tip when cutting was conducted for 60 seconds. There was a 16% reduction of TR. A further reduction to 4.5 C (44.4% reduction) was achieved by the use of the DLC coated tip. This result has a significant effect in practice since the resulting temperature will be far below 47 C, the thermal bond damage temperature, if the body temperature is taken as 37 C. In other words, it is less likely to induce heat injury and faster bone healing is expected when the coated tips are used in ultrasonic osteotomy.
There is the highest MRR and the least TR for the DLC cutting tip with the lowest coefficient of friction in ultrasonic osteotomy, due to the least power loss in overcoming frictional force. Therefore it is concluded that DLC coated tips have more advantages than the other tips in this study.
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